To compare the signal transduction pathways used by erythropoietin (Ep) and interleukin-3 (IL-3), the cDNA for the murine erythropoietin receptor (EpR) was introduced into the IL-3-responsive cell lines Ba/F3 and DA-3 using retrovirally mediated gene transfer. After selection in G418 and IL-3, clones expressing comparable levels of cell surface EpR were identified using biotinylated Ep and flow cytometry. A comparison of the effects of Ep and IL-3 on these cells showed that most EpR+ Ba/F3 clones, when first exposed t o Ep, dramatically increased their levels of P-globin mRNA. The kinetics of appearance of this message after exposure t o Ep varied considerably from clone t o clone, with some clones showing a marked increase in P-globin mRNA within 1 hour, while others required several days before an increase was observed. Interestingly, not only was this increase not seen with IL-3. but 1L-3 prevented the Ep-induced appearance of P-globin message. On the other hand, none of the EpR+ DA-3 cell clones tested increased their levels of P-globin mRNA in response t o Ep. While the EpR+ DA-3 clones showed identical proliferative responses t o IL-3 and Ep, most EpR+ Ba/ F3 clones displayed a marked, albeit transient, proliferative lag when first exposed t o Ep. This was manifested as both an increased doubling time in liquid culture and a decreased colony size in methylcellulose. Plating efficiencies of EpR+ HE BIOLOGIC effects of erythropoietin (Ep), the principal regulator of mammalian erythropoiesis,' are mediated by binding to specific receptors expressed in low numbers on the surface of responsive cells.' Among hematopoietic progenitors, these Ep receptors (EpRs) are restricted to the erythroid lineage and are detected on the cell surface of relatively mature erythroid progenitors, starting with mature burst-forming unit-erythroid (BFU-E) peaking at the colony-forming unit-erythroid (CFU-E) to early erythroblast level, and disappearing at the reticulocyte stage of maturation.2
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To compare the signal transduction pathways used by erythropoietin (Ep) and interleukin-3 (IL-3), the cDNA for the murine erythropoietin receptor (EpR) was introduced into the IL-3-responsive cell lines Ba/F3 and DA-3 using retrovirally mediated gene transfer. After selection in G418 and IL-3, clones expressing comparable levels of cell surface EpR were identified using biotinylated Ep and flow cytometry. A comparison of the effects of Ep and IL-3 on these cells showed that most EpR+ Ba/F3 clones, when first exposed t o Ep, dramatically increased their levels of P-globin mRNA. The kinetics of appearance of this message after exposure t o Ep varied considerably from clone t o clone, with some clones showing a marked increase in P-globin mRNA within 1 hour, while others required several days before an increase was observed. Interestingly, not only was this increase not seen with IL-3. but 1L-3 prevented the Ep-induced appearance of P-globin message. On the other hand, none of the EpR+ DA-3 cell clones tested increased their levels of P-globin mRNA in response t o Ep. While the EpR+ DA-3 clones showed identical proliferative responses t o IL-3 and Ep, most EpR+ Ba/ F3 clones displayed a marked, albeit transient, proliferative lag when first exposed t o Ep. This was manifested as both an increased doubling time in liquid culture and a decreased colony size in methylcellulose. Plating efficiencies of EpR+ HE BIOLOGIC effects of erythropoietin (Ep), the principal regulator of mammalian erythropoiesis,' are mediated by binding to specific receptors expressed in low numbers on the surface of responsive cells.' Among hematopoietic progenitors, these Ep receptors (EpRs) are restricted to the erythroid lineage and are detected on the cell surface of relatively mature erythroid progenitors, starting with mature burst-forming unit-erythroid (BFU-E) peaking at the colony-forming unit-erythroid (CFU-E) to early erythroblast level, and disappearing at the reticulocyte stage of maturation. 2 Studies to examine the signal transduction pathways used by the activated EpRs have been impeded by low receptor numbers on normal erythroid progenitors and difficulties in obtaining pure Ep-responsive erythroid cell populations. However, with the recent isolation of murine and human EpR CDNAS?.~ cells displaying high levels of both normal Ba/F3 cells in methylcellulose, however, were identical in response t o IL-3 and Ep, suggesting that the €p-induced lag in proliferation reflected a growth delay of the entire population of cells t o €p rather than a selection of an Ep-responsive subpopulation. Flow cytometric analysis established that this growth delay was due t o a lengthening o f the first G1 period after exposure t o Ep. Interestingly, this Ep-induced delay in entry into the S phase was not detected in cells stimulated with both Ep and IL-3 nor in EpR' Ba/F3 cell clones that did not show an increase in pglobin mRNA in response to Ep. Thymidine-induced growth arrest, however, showed that delaying entry into S phase alone was not sufficient t o stimulate P-globin mRNA in the absence of Ep. Further studies established that the Ep-induced increase in P-globin mRNA could be inhibited by the tyrosine kinase inhibitor genistein and the protein kinase C inhibfior Compound 3. Taken together, these results confirm that Ep and IL-3 can trigger qualitatively different responses in EpR+ Sa/ F3 cells, that the Ep-induced increase in P-globin transcription correlates with a lengthening of the first G1 period after exposure t o Ep, and that protein phosphorylation events play a critical role in this Ep-induced partial differentiation. and mutant forms of the EpR have been generated. A s these cells have been primarily IL-3-dependent cell lines, an indepth comparison of the signaling pathways used by the EpR and receptor (IL-3R) has been made possible. In several such studies, Ep appeared to be equivalent to IL-3 in supporting cell proliferation."' Both the EpR and the a and p subunits of the IL-3R are members of the hematopoietin receptor superfamily (and thus lack intrinsic tyrosine kinase activity') and use Jak2"." to catalyze at least some of the rapid tyrosine phosphorylations stimulated by IL-3 and Several of the proteins phosphorylated in response to Ep and IL-3 have been shown to be the same, suggesting that, at least in these experimental systems, receptors for IL-3 and Ep can use the same signal transducing intermediate^.^,^ Although these studies have shown considerable overlap in the signaling pathways used by Ep and IL-3, very recent data point to significant qualitative differences in receptor function. For example, Ep stimulation of EpR-expressing Ba/F3 cells has recently been shown to induce accumulation of P-globin mRNAI2 and expression of cell surface glycophorins. l 3 Transmission of this putative differentiative signal by Ep appears to be mediated through the cytoplasmic domain of the EpR, as Jubinsky et all3 showed that granulocytemacrophage colony-stimulating factor (GM-CSF) was capable of stimulating the synthesis of glycophorin in B e 3 cells expressing a hybrid receptor consisting of the extracellular and transmembrane domains of the GM-CSF receptor (GM-CSF R) cr2 subunit and the cytoplasmic domain of the EpR. Moreover, the membrane-proximal 127 amino acids of the cytoplasmic domain of the EpR were reported to be competent for induction of hemoglobin synthesis in the erythroleukemia cell line TSA8.I4 These studies suggest a correlation between EpR activation and Ep-associated differentiation and, thus, favor an instructive model for Ep-mediated differ- To further investigate the erythroid differentiation-inducing potential of the activated EpR, we used retroviral gene transfer to engineer high level expression of the EpR in two IL-3-responsive cell lines, Ba/F3 and DA-3, and compared the early effects of Ep and IL-3 on the proliferation and gene expression of these cells. Our results show that Ep stimulation of the EpR+ Ba/F3 cells, but not the EpR+ DA-3 cells, induces a transient growth delay and can stimulate a very rapid onset of P-globin mRNA accumulation. The EpR-specific differentiative signal appears to be mediated through tyrosine-and serinelthreonine-specific phosphorylation events. Moreover, differentiative signals can be effective under conditions in which proliferation is inhibited; conversely, conditions permissive for proliferation but resulting in suppression of P-globin mRNA accumulation were identified. Taken together, these results not only provide additional evidence that the EpR initiates both proliferative and erythroid-specific differentiative signals but also suggest that the differentiative and proliferative signals of the EpR can be uncoupled. Cell lines. The ecotropic GP+E-86 retrovirus packaging cell line'' was obtained from A. Banks (Columbia University, New York, NY). A GP+E-86 clone producing high titers of JZenEpR TKneo was maintained in Dulbecco's modified Eagle medium (DMEM) with 4,500 m@ glucose and 10% heat inactivated newborn calf serum, supplemented with 15 pg/mL hypoxanthine, 250 pg/mL xanthine, 25 pg/mL mycophenolic acid (HXM selective medium), and 1 mg/mL of G418 (GIBCO Life Technologies, Gaithersburg, MD). The L-3-dependent murine cell lines BaF3 and DA-3 were provided by A. Miyajima (DNAX Research Institute, Palo Alto, CA) and J. Ihle (St Judes Children's Hospital, Memphis, TN), respectively. Both cell lines were maintained in RPMI medium with 10% heat inactivated fetal calf serum (FCS) and 3 nmol/L COS cellderived murine IL-3 (&L-3). JZenEpR TKneo-infected BaE3 and DA-3 clones were maintained in the same medium, supplemented with 1.8 mg/mL G418. All media and growth factors were obtained from StemCell Technologies (Vancouver, BC).
MATERIALS AND METHODS

Generation of the
Viral production and infection of BdF3 and DA-3 cells. Clones of GP+E-86 cells producing high titers (greater than IO6 colonyforming unitdmL) of recombinant JZenEpR TKneo retrovirus were generated as described previously.6 BaF3 or DA-3 cells were cocultured with retroviral producer cells for 24 hours in the presence of 3 nmoVL COS cell-derived mIL-3 and 4 pg/mL polybrene. Nonadherent cells were recovered and cultured for 1 week in growth medium containing 3 n m o a COS cell-derived mIL-3 and 1.8 mg/mL G418. Polyclonal (3418-resistant cells were then plated in standard methylcellulose'6 supplemented with mIL-3 and 1.8 mg/mL G418, and the resulting colonies were clonally expanded for further studies. EpR-transfected DA-3 cells or BaF3 cells were designated EpR+ DA-3 or EpR+ Ba/F3 cells, respectively.
The C5 clone of BaF3 cells expressing high levels of the murine EpR after infection with the EpR virus has been described previously. 6 In contrast with the lines described here, C5 were initially selected and continuously grown in Epsupplemented medium.
Proliferation assays. To assess growth rates of EpR+ BaiF3 and EpR+ DA-3 cells in liquid culture, growth factor-deprived cells were resuspended in RPMI with 10% FCS and containing either 3 nmoU L COS cell-derived mIL-3, 1.5 U/mL recombinant human Ep, or a combination of both growth factors. One-milliliter aliquots, containing 6,000 cells/mL, were dispensed into 24-well plates and incubated at 37°C in a humidified atmosphere containing 5% CO,. Duplicate wells were harvested at different times, and cell numbers were determined using a hemocytometer.
For measurement of cell proliferation by 3H-Tdr incorporation, cells were grown for 2 to 4 days in the absence of G418, washed, and then deprived of L -3 for 8 hours (EpR+ DA-3) or 12 hours (EpR+ BaiF3) in 0.1% bovine serum albumin (BSA) in RPMI. Cells were then washed, resuspended in RPMI containing 10% FCS, and aliquoted into 96-well U-shaped microtiter plates at 2.5 X l@ cells per well, and growth factors were added to a final volume of 0. l mL per well. After different times of incubation at 37°C in a humidified atmosphere containing 5% COz, cells were pulsed with 1 pCi of 'H-Tdr (2 Ci/mmole; DuPont-New England Nuclear, Mississauga, Ontario, Canada) for 2 hours. The cells were then harvested onto filters using an LKB 1295-001 Skatron cell harvester, and 'H-Tdr incorporation was determined in an LKB 1205 Betaplate liquid scintillation counter (LKB Wallac, Turku, Finland).
Cell cycle analysis. Growth factor-deprived, EpR' Ba/F3 cells were stimulated with 3 nmolL IL-3 or 1.5 U/mL Epo in RPMI containing 0.2% BSA. The progression of cells through the cell cycle was then analyzed as described by Sat0 et al." Briefly, at the indicated time points, 1 X lo6 cells were washed twice with phosphate-buffered saline (PBS), resuspended in 1 mL of staining solution containing 4 mmoVL trisodium citrate, 0.1% Triton-X100, 0.1 mg/mL RNase A, and 0.05 mg/mL propidium iodide (PI), and incubated for 30 minutes at room temperature. Stained cells (l0,OOO per sample) were analyzed using a FACSort (Beckton Dickinson, San Diego, CA), and the percentage of cells in different phases of the cell cycle was determined using the CellFIT program (Beckton Dickinson). Northern blot analysis. Exponentially growing parental BaiF3 or EpR+ BaF3 cells were cultured in the absence of IL-3 for 12 hours as described for proliferation assays, washed with PBS, and resuspended in fresh growth medium supplemented with 1.5 U/mL Ep or 3 nmol/L COS cell-derived mIL-3 or a combination of both growth factors. After incubating for various times, cells were lysed in a denaturing solution containing 4 m o m guanidinium isothiocyanate, 100 mmol/L p-mercaptoethanol, and 0.5% N-lauroylsarcosine. Total cellular RNA was isolated by the method of Chomczynski and Sacchi." For Northern blot analyses, 10-pg aliquots of total RNA were separated on 1% agarose, 5% formaldehyde gels and transferred by blotting to Zetaprobe nylon membranes (BioRad, Mississauga, Ontario, Canada). These membranes were then prehybridized in 50% formaldehyde, 0.5 m o m NaH2P04, 2.5 mmol/L EDTA, 5% sodium dodecyl sulfate (SDS), and 1 mg/mL BSA at 42°C and subsequently hybridized under the same conditions with cDNA probes, 32P-labeled by the random primer method." The following probes were used for hybridization: a 295-bp Sau 3A-Acc I fragment encompassing the first exon and intron of murine p-major globin gene (provided by P. LeBoulch 
RESULTS
Generation of EpR-expressing B d F 3 and DA-3 cells.
BalF3 and DA-3 cells were retrovirally infected with a JZenTKneo vector carrying the murine EpR cDNA, and various EpR-expressing clones were selected and maintained in G418-supplemented medium containing IL-3. A number of BalF3 and DA-3 cell clones expressing comparable levels of cell surface EpR were then identified by flow cytometry using biotin-labeled Ep, and these were designated EpR' BalF3 and EpR' DA-3 cells, respectively. Importantly, these cell clones were never exposed to Ep during the selection or maintenance phases of this study.
Effect of Ep on erythroid differentiation. To determine if Ep stimulation of our EpR' BaF3 and DA-3 cells was associated with induction of erythroid-specific genes, several independent clones were examined for &globin and GATA-1 mRNA expression by Northern blot analysis of total cellular RNA. The EpR' DA-3 cells expressed low levels of GATA-l but no &globin mRNA under any experimental conditions (data not shown). In contrast, low but detectable levels of &globin mRNA were found in all EpR' BalF3 clones grown in L 3 (Fig l) , and most of these clones responded to Ep stimulation with a dramatic increase in the levels of this message. The time of appearance of this in-KROSL ET AL crease varied substantially from one clone to another. For example, high levels of P-globin message were first detected after 3 to 4 days of continuous growth in Ep for some clones (eg, clone 3, Fig l) , analogous to the delayed response in clones described by Liboi et al." Clones with a much more rapid response were also observed, however, with high levels of P-globin message being detected within only 1 day of Ep stimulation (eg, clone 8, Fig 1) ; and in early passages of another clone (clone 1 , Fig 2) , a marked increase in &globin mRNA was detected within 1 hour of Ep stimulation. In 2 of 9 clones analyzed, no significant increase in P-globin mRNA levels was observed during up to 6 days of Epsupported proliferation (eg, clone 12, Fig 1) . With continuous passage in IL-3, all clones inducible for P-globin mRNA showed a gradual increase in basal levels of this message. Consequently, all our further studies were performed using only early passages of EpR' BalF3 cells.
As no induction of &globin mRNA was detected in any of the EpR' BaE3 cell clones stimulated with IL-3, we examined &globin mRNA levels after costimulation with IL-3 and Ep and found that the combination of these two growth factors suppressed the Ep-induced increase in pglobin mRNA (Fig 2, representative result) . This inhibitory effect of IL-3 on Ep-induced accumulation of &globin mRNA was observed with all the Ep-inducible clones, and no increase in P-globin mRNA levels was ever detected during the standard 6 days of costimulation (data not presented).
Ep stimulation of EpR' BalF3 cells, after the standard 12 hours of starvation, was also associated with a rapid and persistent elevation in GATA-l mRNA levels (Fig 2) . This rapid increase was suppressed when cells were stimulated with both IL-3 and Ep. However, it is important to note that GATA-l mRNA levels were high when these cells were exponentially growing in IL-3, before growth factor deprivation; and by 96 hours of continuous growth factor-stimulated proliferation, the levels of this message returned to this prestimulation level, regardless of whether they were grown in IL-3, Ep, or IL-3 plus Ep.
Ep-versus IL-3-inducedproliferative responses of EpR' B d F 3 and DA-3 cells.
To determine whether the Ep-induced increases in P-globin and GATA-l mRNA were correlated with Ep-induced proliferation, Ep-stimulated EpR' Ba/ F3 and EpR' DA-3 cells were counted over a 6-day incubation period, and growth kinetics were compared with the same cells grown in L 3 or in the presence of a combination of IL-3 plus Ep (Fig 3) . For EpR' DA-3 cells, the growth curves were identical under all conditions (Fig 3A) . In contrast, EpR' Ba/F3 clones that responded to Ep stimulation with a rapid increase in &globin mRNA (eg, clone 8) grew more slowly in Ep than in IL-3 or in IL-3 plus Ep during the first 24 hours of culture ( Fig 3B) . As a consequence, by 48 hours, with Ep stimulation alone, cell numbers were increased only 4.4 2 0.29-fold over starting cell numbers compared with 8.8 2 0.28-fold observed with IL-3 stimulation ( Fig 3C, mean show an increase in P-globin mRNA in response to Ep or that increased the level of this message only after a delay of 3 to 4 days displayed no or only a modest growth delay, respectively (Fig 3C, clone 3) .
To Ep and IL-3 were found to be similar. with an average plating efficiency of 43% -+ 3% for IL-3 and 41% ? 3% for Ep.
However, the colonies grown in Ep contained 30% to 40% fewer cells than those formed in the presence of IL-3, suggesting that the Ep-induced growth delay of EpR' Ba/F3 cells resulted from a lag in proliferation of all the cells present in the population.
To further characterize the apparent Ep-induced growth delay, we examined the progression of growth factor-deprived EpR' BdF3 cells through the cell cycle after stimulation with IL-3 or Ep (Fig 4) . The results indicate that exposure to Ep leads to a marked delay in GI to S transition of the cell cycle. The onset of DNA synthesis was detected within 6 to 7 hours for the IL-.?-stimulated cells (Fig 4A) , whereas no increase in the proportion of cells in S phase could be detected until 13 hours of Ep stimulation (Fig 4B) . Moreover, by 16 hours of incubation with Ep, 60% of the cells were in G I , while only 30% of those grown in IL-3 were in this stage, suggesting that the growth delay observed with EpR' Ba/F3 after first exposure to Ep is due to a slower progression through G 1. These observations were confirmed by 'H-Tdr incorporation assays. Cells exposed to Ep for up to 16 hours incorporated 50% less 'H-Tdr than those incubated with IL-3. After 26 to 28 hours' exposure. however, the Ep-stimulated cells resumed their cycling activity, and the levels of Ep stimulated 'H-Tdr incorporation approached those achieved in response to IL-3 (data not shown).
Effect of signal pathway modulators on Ep-induced accumulation of 0-globin mRNA. To gain some insight into the intracellular mechanisms involved in Ep-induced accumulation of P-globin mRNA, we examined the effects of various agents on IL-3-and Ep-stimulated EpR' BalF3 cells. These studies were performed with a clone (clone 8) that increased P-globin mRNA levels rapidly in response to Ep stimulation, reaching maximal levels within 1 day, thus allowing short exposure times to the various agents and minimizing their possible toxic effects. When these cells, which had never been exposed to Ep, were simply starved in RPM1 plus 10% FCS for 24 hours, only approximately 30% of the cells remained viable based on eosin red exclusion ( Table 1) and were predominantly in the GI phase of the cell cycle (data not shown). These cells expressed high levels of P-globin mRNA (Fig 5 and Table l ) . This is consistent with a growing body of data suggesting that certain cells can be induced to differentiate if they are delayed in their progression through However, prevention of entry into S is obviously not sufficient to induce the partial differentiation. This was demonstrated using thymidine, which effectively blocked both IL-3-and Ep-induced proliferation with minimal or no reduction in cell viability (Table l) . A marked increase in &globin mRNA levels was seen in the presence of Ep but not in the presence of IL-3.
We also tested the tyrosine kinase inhibitor genistein? as growth factor-induced entry in S phase in general and Epinduced proliferation in has been shown to be For personal use only. on November 11, 2017. by guest www.bloodjournal.org From
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for this differentiation step (Fig 5) . Related to this, orthovanadate, a known inhibitor of tyrosine phosphatases, was added to either Ep-or IL-3-stimulated cells to see if enhancing tyrosine phosphorylation levels in these cells might have an effect on P-globin induction. However, P-globin mRNA was neither induced by this agent in the presence of IL-3 nor further increased in the presence of Ep.
The highly specific inhibitor of protein kinase C Compound 327,z0 was also tested and found to have no effect on Ep-induced proliferation but, like genistein, strongly suppressed P-globin mRNA induction, thus implicating serine/ threonine-specific phosphorylations as important in this Epinduced differentiation event. Consistent with this finding, the phorbol ester 12-0-tetradecanoylphorbol-13-acetate (TPA), which exhausts protein kinase C when added to cells for the time period used here, also inhibited Ep-induced Pglobin mRNA accumulation.
Interestingly, dimethylsulfoxide (DMSO), an inducer of erythroid differentiation for murine erythroleukemia (MEL) cellsz9 and human MB-07 cells,30 inhibited both Ep-induced proliferation and @-globin mRNA accumulation, whereas increasing levels of CAMP by IBMX suppressed only proliferation without significantly affecting P-globin mRNA levels.
DISCUSSION
In this study we compared the effects of Ep and IL-3 on the proliferation and differentiation of two hematopoietic cell lines, Ba/F3 and DA-3, that we retrovirally infected with the murine EpR cDNA. Although we found a number of EpR+ BaE3 cell clones that responded quite differently to these two cytokines, none of the EpR+ DA-3 cell clones studied showed any qualitative difference in response to Ep and IL-3 and proliferated equally well in response to these two growth factors, which is consistent with observations reported by Miura et a l . 7 Interestingly, although Ba/F3 cells were originally described as pro-B cells, based on their being slightly B220-p0sitive,~' it is likely that they are actually more erythroid or have evolved into a more erythroid cell type in culture because they express GATA-1 and NF-E2.I2
Our characterization of several EpR+ Ba/F3 cell clones that increased their level of P-globin mRNA as rapidly as within 1 hour in response to Ep, but not to IL-3, confirms and extends the recently published findings of Liboi et all2 and Jubinsky et al," who observed EpR-mediated induction of P-globin mRNAL2 or glycophorin13 after relatively prolonged exposure of engineered cell lines to Ep. More recently, Maruyama et al'" electroporated a chimeric receptor containing the extracellular region of the EGF receptor and the cytoplasmic domain of the EpR into both the Ep-responsive MEL cell line TSA8 and Ba/F3 cells and found that EGF-stimulated globin synthesis in the former but not in the latter. This is not necessarily inconsistent with our results or with those of Liboi et a1,I2 as neither of us have observed any hemoglobin synthesis (as judged by benzidine staining) in any of our EpR' B e 3 cell clones" (our data not shown).
One of our most intriguing findings is the correlation between rapid Ep-induced differentiation, as assessed by 0-globin mRNA levels, and the delay in Ep-stimulated progression through the G1 phase of the cell cycle. Evidence that this lengthening of the first G1 period, after exposure to Ep, is important in inducing P-globin message comes from our finding that incubation of the same cell clones with IL-3 plus Ep eliminates both the delay through G1 and the increase in globin mRNA (Fig 3B) . This prolongation of G1, which could occur mechanistically through a delay in the formation of active cyclin-dependent kinasekyclin complexe~,~*"~ may simply be triggering a predetermined erythroid differentiative program, as seems to be the case for MEL cells induced to differentiate with or with hexamethylenebisacetamide,22 as well as in MEL cells engineered to express high levels of ~5 3 . '~ However, this is unlikely in our experimental system, as only EpR+ and not parental BaE3 cells increased their P-globin mRNA levels in response to starvation-induced growth arrest. It is possible that under these conditions our EpR' BaE3 cells are being triggered by low levels of Ep present in the FCS used for our studies or that the high level of EpR expression on these cells (approximately 8,000 per cell, based on Scatchard analysis) lead to a low level of spontaneous dimerization. The fact that our EpR+ Ba/F3 cells stimulated with IL-3 do not accumulate P-globin mRNA and that growth arrest alone, as induced by thymidine addition, is not sufficient in the absence of Ep to stimulate this accumulation further point to an active role of EpRmediated stimulation in triggering erythroid differentiative events. Together, these data add to evidence that the EpR plays an instructive rather than just a permissive role in Epstimulated differentiation. A similar conclusion was reached by Liboi et a l , I 2 Jubinsky et al, I3 and Maruyama et and work by the latter two groups suggests that only the cytoplasmic portion of the EpR is required to transmit this differentiative signal. Indeed, studies by Maruyama et aI,l4 using a truncated epidermal growth factor (EGF)/EpR chimera, suggest that only the membrane-proximal 127 amino acids are required for differentiation. Our results with genistein, Compound 3, and TPA indicate that protein phosphorylation plays an essential role in this phenomenon. These results indicate that the EpR-specific signaling events that lead to the accumulation of P-globin mRNA in permissive cells involves both tyrosine-and serinehreonine-specific phosphorylation events and suggest that the differentiative function of the EpR can be uncoupled from its proliferative function.
The dominant negative effect of IL-3 on Ep-induced accumulation of &globin mRNA that we observe is reminiscent of the work of Fukunaga et al, 35 in which they demonstrated that the G-CSF-induced expression of myeloperoxidase in FDC-P1 cells expressing the G-CSF receptor was inhibited when these cells are costimulated with IL-3 and G-CSF. It is conceivable that in both these FDCP-l cells and in our EpR+ Ba/F3 cells, IL-3 dominates over these more lineagespecific cytokines because the activated IL-3R has a higher affinity for certain common signal transduction intermediates, as has been suggested by previous studies in our laboratory.6 Alternatively, IL-3R-activated intermediates (eg, kinases) involved in mediating entry into S phase may override (eg, inactivate) the Ep-or G-CSF-activated intermediates involved in G1 prolongation and turning on of differentiation-related genes via post translational modifications (eg, phosphorylation).
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